The term "self-assembly" ([@r1]) was originally coined to describe the formation of a viral capsid, the ordered shell of coat proteins that surrounds a viral genome. The capsids of many RNA viruses can form spontaneously in vitro from the constituent coat proteins and RNA strands ([@r2]), in the absence of ATP hydrolysis or other host-cell factors. These results suggest that a complete, well-formed capsid is a minimum of the free energy.

Minimization of free energy explains why, but not how, specific capsid structures assemble. Because assembly is stochastic, there are many ways in which this process can go awry ([@r3]). To form the capsid in [Fig. 1*A*](#fig01){ref-type="fig"}, which has a triangulation number $T$ of 3 ([@r1]), 90 chemically identical coat-protein dimers must arrange themselves into symmetrically distinct sets of positions. Despite this structural complexity, proper $T = 3$ capsids assemble in high yield around RNA under the appropriate in vitro conditions ([@r4]). Moreover, the malformed capsids that form under suboptimal conditions ([@r5]) represent only a tiny subset of all possible misassembled structures. Recent theoretical models propose that interactions between the assembling proteins ([@r6]) or between the proteins and RNA ([@r7]) bias the assembly pathways toward proper capsids and away from misassembled structures.

![Overview of the measurement. (*A*) A structural model of the MS2 capsid (PDB ID: 2ms2) shows its small size and $T = 3$ structure. The 2 coat-protein dimer configurations are shown in gray and purple. (*B*) We inject a solution of unassembled dimers over a coverslip on which MS2 RNA strands are tethered by DNA linkages. As dimers bind to the RNA, the resulting particles scatter light. The particles appear as dark, diffraction-limited spots because of destructive interference between the scattered light and a reference beam. (*C*) We monitor many such spots in parallel. Shown is a typical image of the field of view, taken 126 s after adding 2-$\mu$M dimers and representing an average of 1,000 frames taken at 1,000 frames per second. (*D*) The intensity of each spot is proportional to the number of bound proteins within each particle and changes in the intensity as a function of time reveal the assembly kinetics of each particle. The darker the spot is, the larger its intensity. (*D*, *Top*) Time series of images for the boxed spot in *C*. (*D*, *Bottom*) Intensity trace for the same spot using a 1,000-frame average. We discuss the relationship between intensity and number of bound proteins, as well as how we calculate the spot intensity, in [*Materials and Methods*](#s4){ref-type="sec"} and [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental).](pnas.1909223116fig01){#fig01}

However, experiments have not yet answered even basic questions about the assembly pathways and the role of the RNA, such as whether assembly begins with a small cluster of RNA-bound proteins or proceeds from a large, disordered aggregate of proteins and RNA ([@r8]). Direct measurements of virus assembly are challenging because the interactions between subunits are generally weak and depend on the solution conditions ([@r9]), such that the assembly timescales can span many orders of magnitude: from less than 1 s for the initial binding of proteins to the RNA ([@r10]) to many minutes ([@r11]) or even hours ([@r12]) for the complete assembly of an ensemble of capsids. Structural techniques ([@r13]) do not have sufficient temporal resolution to observe assembly over such a wide range of timescales, and bulk kinetic measurements ([@r14]), which do have the requisite dynamic range, average over particles in possibly different states of assembly. Determining the operative pathways requires measuring the assembly kinetics of individual capsids around the viral RNA.

Results {#s1}
=======

To perform such measurements, we use interferometric scattering microscopy ([@r15]). We tether the RNA genome of bacteriophage MS2---a $T = 3$, positive-sense single-stranded RNA virus that infects *Escherichia coli* bacteria---to the surface of a functionalized coverslip using DNA linkages ([@r16]) ([Fig. 1*B*](#fig01){ref-type="fig"}). Then we inject unassembled MS2 coat-protein dimers suspended in a buffer with physiological pH and salinity, and we measure changes in the scattered intensity as the dimers attach to the surface-tethered RNA ([Fig. 1 *B* and *C*](#fig01){ref-type="fig"}). Each of these intensity traces tells us how the number of coat-protein dimers bound to an individual RNA strand changes with time, revealing the assembly kinetics of that particle ([Fig. 1*D*](#fig01){ref-type="fig"}).

The dynamic range of this measurement is large: Because the scattering is elastic, we can use high-illumination intensities with minimal risk of photodamage, enabling temporal resolutions of 1 ms. To simultaneously achieve durations of 900 s, we actively stabilize the microscope in all 3 dimensions, ensuring that the signal from an assembling capsid is larger than the noise due to drift. The sensitivity is then limited by shot noise. With a 1-s moving average, as shown in [Fig. 1*D*](#fig01){ref-type="fig"}, the peak-to-peak fluctuations from shot noise correspond to the intensity of 6 coat-protein dimers.

Because we obtain intensity traces for many assembling particles in parallel, the measurement informs us about the assembly kinetics of individual particles as well as the kinetics of the ensemble. The ensemble is characterized by traces that persist at a low intensity before rising rapidly and then plateauing at higher intensity ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). When we inject 2-$\mu$M coat-protein dimers, we find that the majority of traces (about 85%) plateau at a final intensity consistent with or slightly smaller than that of a complete wild-type capsid ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)), with the remainder plateauing at significantly higher intensities. By contrast, in the absence of RNA, there are few traces, and they increase slowly and continuously throughout the experiment ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)).

![Assembly of 2-$\mu$M coat-protein dimers around surface-tethered RNA strands. (*A*) Intensity traces for 12 randomly chosen particles from one experiment. *x*-axis ticks show the start times and *y*-axis ticks the final intensities. Gray bar indicates the intensity range corresponding to wild-type capsids. Arrows show 2 traces corresponding to overgrown particles. (*B*) Negatively stained TEM image of particles assembled around RNA strands tethered to a gold nanoparticle (dark region at center). We use a nanoparticle as the substrate because TEM cannot image through a coverslip. (*C*) The cumulative distribution of start times of all of the traces in the experiment is well fitted by an exponential with delay time $t_{0}$ of 92 s and a characteristic time $\tau$ of 84 s (see [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental) for fit results from repeated experiments). Uncertainties in the start times are smaller than the diameter of the circles.](pnas.1909223116fig02){#fig02}

In a separate control experiment, we use transmission electron microscopy (TEM) to image the structures that assemble around surface-tethered RNA. The images reveal that most of the assembled structures are proper capsids, with a few partial capsids and larger structures visible ([Fig. 2*B*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). We therefore infer that capsids can indeed assemble around tethered RNA strands and that traces that reach intensities similar to those of wild-type capsids represent the formation of complete or nearly complete capsids.

With this understanding, we examine what the variations among individual traces reveal about the assembly pathways. A key observation is that assembly is not synchronous: The "start time," the time at which the intensity rapidly increases, varies from particle to particle ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). We find that the cumulative distribution of start times $t$ is fitted well by an exponential function $A\left( {1 - \exp\left\lbrack {- \left( {t - t_{0}} \right)/\tau} \right\rbrack} \right)$ ([Fig. 2*C*](#fig02){ref-type="fig"}), where $A$ is the plateau value, $t_{0}$ is the delay before the start time of the first particle, and $\tau$ is the characteristic time. The values and uncertainties of the fit parameters, as estimated from fits to repeated measurements, are $A = 57 \pm 7$, $t_{0} = 60 \pm 20$ s, and $\tau = 100 \pm 20$ s (SD) ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)).

The delay $t_{0}$ before the first start time likely results from diffusion and a concentration threshold for assembly. We know such a threshold exists because we see no assembly when we inject 1-$\mu$M coat-protein dimers ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). We therefore expect assembly to be delayed until the dimer concentration at the coverslip surface reaches the threshold. Since the threshold is between 1 and 2 $\mu$M, we can estimate $t_{0}$ from the characteristic time for dimers to diffuse from the 2-$\mu$M injected fluid to the surface. Our estimate, 30 to 55 s ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)), is close to the observed $t_{0}$ of $60 \pm 20$ s.

The broad distribution of start times, however, does not appear to result from diffusion. We would expect diffusion-limited growth only if the protein concentration around each RNA were to vary across the 10-$\mu$m field of view. But the time for a dimer to diffuse 10 $\mu$m is only 1 s, much smaller than the width of the distribution. Furthermore, after the initial delay, we estimate that about 1,000 coat-protein dimers are within 1 $\mu$m of each RNA. At this concentration, the pool of coat proteins is not significantly depleted by assembly, and fluctuations in concentration are negligible. We conclude that the observed intensity traces do not result from variations in protein concentration.

Taken together, these findings rule out assembly pathways that begin with diffusion-limited aggregation and point strongly to those involving nucleation---a process in which an initially unstable cluster of proteins called a "nucleus" must grow larger than a critical size before growth proceeds ([@r17]). Below this size, a growing nucleus becomes increasingly unstable, such that forming a critical nucleus corresponds to overcoming a free-energy barrier ([@r18]). The broad distribution of start times that we measure is evidence of such a barrier and is consistent with a nucleated process. That the shape of the distribution is well fitted by a single exponential suggests that there is a single, well-defined nucleation barrier, with a nucleation time of $\tau$ (see [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental) for how we rule out other barriers associated with possible nonspecific interactions between the RNA and the surface).

Fluctuations in the intensity reveal further information about the nucleation event. Before the start time, the fluctuations are consistent with those expected from shot noise, which, as noted above, corresponds to 6 dimers at 1-s averaging. This measurement indirectly constrains the critical nucleus size: If we assume that proteins bind only transiently to the RNA prior to nucleation, then subcritical nuclei larger than 6 dimers do not survive for longer than 1 s. However, if small numbers of proteins bind permanently to the RNA, then these proteins might be obscured by long-time drift in the measurement.

Owing to the small apparent size of the critical nucleus, most of the dimers in a capsid must add during the subsequent growth phase. We characterize the growth by examining the rise in intensity of each trace after nucleation. We find that the "growth time," the time required for a particle to reach the size of a complete capsid after it nucleates, varies from particle to particle, ranging from 30 to over 200 s ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). Of the particles that grow into a complete capsid, some grow at a constant rate, others slow as they approach completion, and still others contain intermediate pauses lasting up to 25 s ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). Despite these differences, essentially all of the traces are monotonic, with little or no observable disassembly steps.

These observations provide quantitative information about the kinetics of capsid growth and also reveal qualitative features of the growth pathways. The growth times are 4 orders of magnitude larger than the timescale required for a capsid's worth of dimers to collide with the RNA by diffusion ([*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)), suggesting that only a small fraction of these collisions leads to growth. And while the broad distribution of growth times and the varying shapes of the traces suggest many different growth pathways, the absence of any observable disassembly suggests that the system avoids pathways that involve bulk shedding of bound proteins.

Furthermore, we can glean information about the failure modes of the assembly process from traces of particles that grow significantly larger than a capsid. Because different assembly pathways can fail in different ways, resolving these failure modes provides valuable information about the operative pathways. We find that most traces of overgrown particles pause at an intensity consistent with that of a capsid before rising again to a higher plateau value ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). TEM images of particles assembled around untethered RNA show that most overgrown structures consist of a capsid attached to a second partial or complete capsid ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). These observations suggest that overgrown particles result from a second nucleation event that occurs before the growing capsid has fully packaged the RNA.

To test this hypothesis, we vary the assembly kinetics by adjusting the concentration of coat protein ([Fig. 3*A*](#fig03){ref-type="fig"} and [*SI Appendix*, Figs. S9 and S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). We find that the nucleation time decreases with increasing protein concentration, from $160 \pm 40$ s at 1.5 $\mu$M of dimers to $11 \pm 5$ s at 4 $\mu$M (SD) ([Fig. 3*B*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). This decrease is accompanied by an increase in the fraction of overgrown particles, from about 5% at 1.5 $\mu$M dimers to over 40% at 4 $\mu$M ([Fig. 3*C*](#fig03){ref-type="fig"}). TEM images of untethered particles reveal sizes that roughly correspond to the final intensities seen in the traces, with many of the overgrown particles consisting of bunches of partial or nearly complete capsids ([Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)).

![Assembly kinetics at different protein concentrations. (*A*) Intensity traces for 10 randomly chosen particles at 1.5-$\mu$M and 4-$\mu$M coat-protein dimers. (*B*) Cumulative distributions of the start times show that the rate of nucleation increases with protein concentration. The data are fitted by an exponential with a characteristic nucleation time $\tau$, as described above. The length of each horizontal bar represents the uncertainty in each time measurement. (*C*) Cumulative distributions of the final intensities show that the fraction of overgrown particles increases with protein concentration. The length of each horizontal bar is the SD calculated from the last 50 s of each trace. (*D*) TEM images of particles assembled around untethered RNA. At 1.5 $\mu$M protein (*Left*), most particles appear to be capsids. At 4 $\mu$M protein (*Right*), many particles are clusters of partial capsids.](pnas.1909223116fig03){#fig03}

The growth times also decrease with increasing protein concentration, but less rapidly than do the nucleation times ([Fig. 4*A*](#fig04){ref-type="fig"}). Thus, we conclude that the RNA, which promotes nucleation at low protein concentration, creates a competition between nucleation and growth that can lead to overgrown structures at higher concentration, as sketched in [Fig. 4*B*](#fig04){ref-type="fig"}. This pathway provides a possible explanation for the "monster" ([@r5]) and "multiplet" ([@r19]) structures observed with other RNA viruses.

![Relative timescales of nucleation and growth and the inferred assembly pathways. (*A*) Measured nucleation times ($\tau_{\text{nuc}}$) and median growth times ($\tau_{\text{grow}}$) at different protein concentrations. Error bars represent the SD from 3 replicate experiments. (*B*) Cartoon of the inferred assembly pathways. At low protein concentration, $\tau_{\text{nuc}}$ is large compared to $\tau_{\text{grow}}$, and a nucleus of coat proteins forms on the RNA and then grows into a proper capsid. At moderate protein concentration, $\tau_{\text{nuc}}$ is comparable to $\tau_{\text{grow}}$, and a second nucleus can form on the RNA before the first one has finished growing, leading to an overgrown structure consisting of a nearly complete capsid attached to a partial capsid. At high protein concentration, $\tau_{\text{nuc}}$ is smaller than $\tau_{\text{grow}}$, and multiple nuclei can form and grow, leading to an overgrown structure consisting of many partial capsids. Example TEM images of the endpoints of each pathway are shown at *Right*.](pnas.1909223116fig04){#fig04}

Discussion {#s2}
==========

Our measurements on individual MS2 capsids enable us to infer features of the assembly pathways that are obscured in bulk measurements, such as the presence of a nucleation barrier or the lack of substantial disassembly steps. We do not claim that these features must be present in assembly in vivo; indeed, we are able to make such inferences only because we perform our measurements outside the crowded environment of the cell. Furthermore, these features may differ for other viruses and other experimental conditions. Nonetheless, in vitro measurements performed using a range of viruses and experimental conditions have proved critical in developing an understanding of the physics of virus self-assembly ([@r20]).

Whether in vitro or in vivo, the coat proteins and RNA strands of many $T = 3$ viruses are able to pull off a remarkable feat: spontaneous self-assembly into a nontrivial structure with high yield. That this process is difficult to replicate in synthetic systems shows that the physics is still not well understood. We therefore examine our results in the context of general, physical models of virus self-assembly. There is a plethora of such models, which differ dramatically in terms of the role played by the RNA. By comparing our experimental results with the predictions of such models, we aim to determine what physical mechanisms are consistent with our data and what can be done to arrive at an assembly model that quantitatively agrees with experiment.

We first note that our results caution against the construction of assembly models based primarily on static measurements, such as structural data or equilibrium binding affinities. Such models suggest that assembly follows deterministically from the formation of specific protein--protein contacts ([@r13]) or high-affinity protein--RNA interactions ([@r21]). In contrast, the complex assembly pathways and failure modes reported here call for models that capture highly dynamic and collective processes.

Nucleation-and-growth models account for the collective nature of assembly. In nucleation models of empty ([@r22]) and protein-scaffolded capsids ([@r23]), which assemble without RNA, the critical nucleus forms in bulk. But a recent computational model that includes RNA as a homogeneous linear polymer ([@r24]) explores 2 additional nucleation mechanisms. In one, the nucleus forms from a small cluster of proteins adsorbed to a bare RNA strand. In the other, it forms from proteins that have both adsorbed and aggregated along the entire strand.

Our observations suggest that nucleation happens directly on the RNA strand, rather than in bulk or in an aggregate. That the assembly is nucleated is evidenced by the broad distribution of times preceding assembly, as discussed in [*Results*](#s1){ref-type="sec"}. If nucleation occurred in bulk, we would expect large numbers of empty capsids, but gel electrophoresis shows that the assembly products contain RNA ([*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). If the nucleation occurred in a disordered aggregate of proteins on the RNA, we would expect to see the intensity traces rise above the noise level during the aggregation process, but we do not see any such increase. Thus, we conclude that nucleation occurs on parts of the RNA that are bare or nearly bare.

While the diffraction limit precludes us from directly measuring where the nucleus forms on the RNA strand, our results do allow us to examine a longstanding assumption about the sequences involved. In MS2, coat proteins bind with high affinity ($K_{d}$ of order 1 nM) to a 19-base sequence of the RNA termed the "translational operator" ([@r10]) and with much lower affinities (10 to 1,000 nM) to other 19-base sequences, suggesting that this operator acts as the nucleation site ([@r25]). However, our observation of a micromolar concentration threshold for assembly suggests that nucleation is not dominated by nanomolar-affinity binding between coat proteins and the translational operator, but likely involves other, weaker interactions. That a previous study reported assembly at 10-fold smaller protein concentrations ([@r12]) is not at odds with our observed threshold. Instead, the difference may reflect the different assembly buffer used, as described in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental).

Similarly, while we cannot determine the height of the nucleation barrier or size of the critical nucleus directly from our measurements, we can place a limit on the size of the nucleus from the intensity fluctuations, as discussed in [*Results*](#s1){ref-type="sec"}. Owing to noise in our measurement and the finite averaging time, this limit is a combination of size and lifetime. Specifically, we find that subcritical clusters must be either very small (fewer than 6 dimers) or very short-lived (less than our averaging time, which is 1 s). If small numbers of proteins bind permanently to the RNA, they may also contribute to forming the nucleus. In either case, these size and lifetime bounds provide specific, quantitative constraints on models of assembly.

The apparent small size of the critical nucleus raises the question of how the growth process ensures high yields. In simplified models of $T = 1$ capsids, where all of the protein configurations are identical ([@r26]), the formation of a nucleus may be sufficient to ensure that growth leads to the correct structure. This need not be the case for $T = 3$ capsids, where there are inequivalent protein configurations and, consequently, many more possible misassembled structures, including those with the wrong local curvature ([@r27]). Our observation of monotonic growth following nucleation suggests that incoming proteins readily adopt configurations within the growing capsid that ensure the proper curvature. Even at high protein concentration, where the misassembled particles consist of multiple partial or full capsids, the curvature of these capsids does not appear to deviate from that of single, well-formed capsids.

One possible explanation is that interactions between the assembling proteins bias the pathways toward proper capsids. A recent model based on continuum elasticity theory ([@r28]) proposes that coat proteins adopt the correct configurations in the capsid as it grows in order to minimize the elastic stress. This model predicts that the number of proteins in the growing capsid should increase monotonically with time, a prediction that is consistent with our measurements of the growth phase. To further test this model, mutant coat proteins with different interactions might be used to probe the role of elastic stress in controlling the growth pathways.

Another explanation is that protein--RNA interactions direct the growth pathways. Some models suggest that capsid growth is dominated by general, electrostatic interactions between the coat proteins and the RNA ([@r29]). However, a more recent model proposes that "multiple dispersed, specific interactions" (ref. [@r7], p. 74) between proteins and bits of the RNA secondary structure guide the incoming proteins into the correct local configurations. Recent experiments with MS2---including biochemical ([@r30]), structural ([@r31]), and bulk kinetic ([@r12]) measurements---provide indirect evidence that such structures are involved in capsid assembly but do not resolve how they affect the growth process. Because our method is compatible with RNA strands of arbitrary sequence and assembly buffers of arbitrary ionic strength, future studies can test these models by modifying the individual RNA structures or the strength of the electrostatic interactions and then measuring changes in the growth pathways.

Conclusions {#s3}
===========

Our measurements of the nucleation threshold, nucleation time, subcritical fluctuations, and growth time in MS2 provide important quantitative constraints on simulations of the assembly pathways ([@r24]). As a result, the structures of the critical nucleus and subsequent intermediate states, which have long eluded direct imaging methods, might now be inferred through quantitative comparisons of our measurements and such simulations. Understanding the assembly pathways for viral capsids in this level of detail may inform strategies for blocking the assembly of pathogenic viruses ([@r32]) or for engineering synthetic capsids ([@r33]).

Finally, while our observations are specific to the assembly pathways in vitro, they supply a physical hypothesis for viral replication in vivo. Because RNA inside a capsid cannot be translated or replicated, RNA viruses must delay capsid assembly and genome packaging until many copies of their proteins and genome are produced. An assembly pathway with a concentration threshold for nucleation---such as we observe---would provide such a delay. Moreover, this delay would allow the concentration of newly replicated viral RNA to increase relative to the background concentration of host RNA strands, increasing the likelihood that the viral RNA is packaged.

Materials and Methods {#s4}
=====================

Growth of MS2 and Purification of Its Coat Protein and RNA. {#s5}
-----------------------------------------------------------

We grow wild-type MS2 (a gift from Peter Stockley at the University of Leeds, Leeds, UK) by infecting liquid cultures of *E. coli* strain C3000 (also a gift from Peter Stockley) and purifying the progeny viruses following the protocols of Strauss and Sinsheimer ([@r34]). We purify coat-protein dimers (2 $\times$ 13.7 = 27.4 kDa) from the virus particles following the cold acetic acid method described by Sugiyama, Hebert, and Hartman ([@r2]). We purify MS2 RNA (1.1 MDa) from freshly grown virus particles using an RNA extraction kit (RNeasy; Qiagen). Our procedure for assessing the concentration and purity of these materials is described in [*SI Appendix*, Figs. S11 and S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental).

Microscope. {#s6}
-----------

Our microscope is similar to that described by Ortega-Arroyo et al. ([@r35]) and is configured in wide-field mode without beam scanning. Details are given in [*SI Appendix*, Fig. S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental). We use 450-nm-wavelength light with an illumination intensity set to ∼3 kW/${cm}^{2}$. Control experiments at different illumination intensities show that the intensity we use does not affect the assembly kinetics ([*SI Appendix*, Fig. S14](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). The total field of view is 140 pixels $\times$ 140 pixels (9.8 $\mu$m $\times$ 9.8 $\mu$m). Images are recorded at 1,000 Hz. To combat mechanical drift over measurement durations of 900 s, the position of the coverslip relative to the objective is actively stabilized to a few nanometers in all 3 dimensions using piezoelectric actuators, as detailed in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental).

Image Intensity. {#s7}
----------------

Assembling particles appear as dark, diffraction-limited spots. The intensity of each spot is approximately linearly proportional to the number of proteins bound to the RNA strand. The intensity of a spot is $I = I_{\text{r}} + I_{\text{s}} + 2\sqrt{I_{\text{r}}I_{\text{s}}}\cos\phi_{\text{rs}}$, where $I_{\text{r}}$ is the intensity of the reflected wave, $I_{\text{s}}$ the intensity of the scattered wave, and $\phi_{\text{rs}}$ the phase difference between the two. The term $I_{\text{s}}$ can be neglected since the scattered light is dim compared to the reflected light, so the normalized intensity $I_{\text{norm}} = I/I_{\text{r}} - 1$ is proportional to the total polarizability of the assembling particle ([@r15]), which is approximately the sum of a protein component and an RNA component. We previously showed that this linear superposition is a good approximation for bacteriophage $\lambda$ particles, which consist of a protein capsid surrounding a single molecule of densely packed DNA ([@r36]). Here, because the RNA component is static, it is part of the background and subtracted away by our image-processing routine, which is described in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental). As a result, the normalized intensity is linearly proportional to the number of proteins in the assembling particle, consistent with other studies of multiprotein complexes ([@r15]).

Microscope Calibration. {#s8}
-----------------------

We calibrate the intensity measurements from the microscope using 2 particles of known mass: MS2 RNA strands and wild-type MS2 virus particles ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). We infer the intensity distribution corresponding to wild-type capsids by convolving the intensity distribution of the wild-type particles with the negative of the intensity distribution of the RNA. We use this inferred intensity distribution to estimate the intensity of full capsids that assemble in our experiments, as shown by the gray bars in [Figs. 2*A*](#fig02){ref-type="fig"} and [3*A*](#fig03){ref-type="fig"}. The distribution is much broader than the expected mass distribution for wild-type capsids, which are quite monodisperse. Thus, the breadth of the distribution reflects the uncertainty of our measurement.

Coverslip Functionalization and RNA Binding. {#s9}
--------------------------------------------

We adapt the protocols described by Joo and Ha ([@r37]) to coat glass coverslips with a layer of polyethylene glycol (PEG) molecules, about 1% of which are functionalized with a 20-base DNA strand. The sequence of the surface-bound DNA is GGTTGGTTGGTTGGTTGGTT. We further decorate the coverslips with PEG-passivated 30-nm gold particles that serve as tracer particles for active stabilization. Immediately before each experiment, we incubate the coverslips with a detergent solution containing 0.2% Tween-20 to passivate any bare patches in the PEG coating. Then we tether MS2 RNA strands to the coverslips using a 60-base DNA linker strand: The 40 bases at the 5′ end of the linker are complementary to the 40 bases at the 5′ end of the RNA, and the remaining 20 bases are complementary to the sequence of the surface-bound DNA ([*SI Appendix*, Fig. S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). The sequence of the linker is CGACAGGAAGTTGAGCAGGACCCCGAAAGGGGTCCCACCCAACCAACCAACCAACCAACC. We hybridize the RNA to the linker by thermal annealing in hybridization buffer (50 mM Tris$\cdot$HCl, pH 7.0; 200 mM NaCl; 1 mM EDTA) and then allow the resulting RNA--DNA complexes to bind to the DNA-functionalized surface at room temperature. Surface binding is highly specific ([*SI Appendix*, Fig. S16](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). Details of the functionalization, thermal annealing, and surface binding steps are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental).

Assembly Kinetics Experiment. {#s10}
-----------------------------

We introduce the coat-protein dimers to the surface-tethered RNA strands using home-built flow cells. The roof and sides of the cells are made of acrylic, and the floor consists of the RNA-functionalized coverslip described above. Details for constructing the flow cells are given in [*SI Appendix*, Fig. S17](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental). To perform the assembly experiment, we flush the flow cell with assembly buffer (42 mM Tris$\cdot$HCl, pH 7.5; 84 mM NaCl; 3 mM acetic acid; 1 mM EDTA), start recording a movie using the interferometric scattering microscope, and then inject 10 $\mu$L of a specified concentration of unassembled dimers in assembly buffer using a syringe pump. The injected volume is roughly 3 times that of the sample chamber. The injection starts 4 s into the movie and continues for 20 s. An estimate of how long it takes for the injected dimers to reach the surface-tethered RNA strands is described in [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental). We perform 3 replicate experiments for all interferometric scattering microscopy measurements with 1.5-, 2-, and 4-$\mu$M coat-protein dimers. Data from these replicates are shown in [Fig. 4*A*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental). We also perform a control experiment in which we tether only the DNA-linker strand to the coverslip surface, without RNA, and then perform an interferometric scattering microscopy measurement with 2-$\mu$M dimers. The results of this control are discussed in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental) and shown in [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental).

Analysis of Intensity Traces. {#s11}
-----------------------------

The start time for each trace is defined as the time at which the intensity reaches 0.001. To determine the growth time, we first do a linear least-squares fit to the portion of each trace that lies between the start time and the time at which the intensity first reaches that of a full capsid. We then estimate the time required to grow a full capsid (bind 90 dimers) by approximating the growth rate as the slope of the linear fit. Details of this analysis are described in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental).

TEM. {#s12}
----

We use negatively stained TEM to image the protein structures that assemble around RNA that is either tethered to a functionalized gold nanoparticle (as in [Fig. 2*B*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)) or free in solution (as in [Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental)). The method used to functionalize the surfaces of the gold particles is similar to that used for the coverslips and is described in detail in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental). The assembly reaction is carried out in assembly buffer by mixing the specified micromolar concentration of coat-protein dimers with either 0.2 nM of RNA-labeled gold particles or 10 nM of free RNA. This mixture is left to sit for 10 min at room temperature and then added to a plasma-etched carbon-coated TEM gird (Ted Pella), stained with methylamine tungstate stain solution (Nanoprobes), and visualized on a Tecnai F20 (FEI) TEM operated at 120 kV. Further details on TEM sample preparation and imaging are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909223116/-/DCSupplemental).

Data Availability. {#s13}
------------------

All data presented are available from the corresponding author on reasonable request.
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